In rats, esophagogastroduodenal anastomosis (EGDA) without concomitant chemical carcinogen treatment can lead to columnar-lined esophagus (CLE) including metaplasia, dysplasia, and esophageal adenocarcinoma (EAC). This study describes the morphology and phenotypic features of CLE and EAC in the rat model and compares them with the corresponding lesions in human Barrett's esophagus (BE). Swiss roll preparations of esophagi of EGDA rats and biopsies from human BE containing specialized intestinal metaplasia (SIM) and EAC were examined. The esophagi of EGDA rats showed esophagitis, CLE, islands of multilayered epithelium (MLE), dysplasia and EAC. The CLE had features of specialized intestinal metaplasia. MLE frequently occurred at the neo-squamocolumnar junction and occasionally in the mid-esophagus in isolated foci. Scattered mucinous cells in esophageal squamous epithelium were also found. The CLE and MLE in EGDA rats resembled the lesions described in human BE in morphology, mucin features and expression of differentiation markers (CK7, CK20, Das-1, villin, and pS2/TFF1). Invasive EAC in EGDA rat is of well-differentiated mucinous type, which is in contrast to the variably differentiated glandular type of adenocarcinoma in human BE. p53, c-myc, and cyclooxygenase 2 are expressed in both the rat and human SIM and EAC. These studies indicate that, not withstanding small differences, SIM and EAC induced in EGDA rats are similar to the corresponding lesions in human BE. EGDA rats may serve as a useful model to study the pathogenesis, molecular biology, and chemopreventive interventions of human BE and EAC.
Esophageal adenocarcinoma (EAC) is one of the fastest rising cancers in the Western countries. 1 The reasons for this alarming increase are not fully understood. Barrett's esophagus (BE) is the main lesion underlying the development of EAC. BE is defined as the replacement of normal squamous epithelium by columnar epithelium, which includes specialized intestinal metaplasia (SIM) as its major constituent. 2 SIM is characterized by features of type III intestinal metaplasia and is the lesion that is associated with the development of EAC. The estimated risk of EAC in BE patients with SIM is around 0.5% per year which is 30-to 125-fold higher than the general population. 3 BE is thought to be a complication of gastroesophageal reflux disease, and the development of BE may explain the high association of gastroesophageal reflux disease and EAC. 1 Despite the clinical importance of BE and EAC, the etiology, cellular origin and pathogenesis of BE and SIM are not well understood. 4 The roles of gastric acid, bile and other gastrointestinal contents in the pathogenesis of BE and EAC also remain unclear. Availability of an animal model may help address some of these issues.
Squamous cell carcinoma, adenocarcinoma, and mixed adenosquamous carcinoma are three types of cancer that can be induced in experimental animals.
Carcinogens such as 2,6-dimethylnitrosomorphine or methyl-n-amylnitrosamine induce esophageal squamous cell carcinoma in experimental animals. On the other hand, gastroduodenal contents also appear to be carcinogenic. Surgical procedures that promote gastroduodenal reflux lead to columnar metaplasia and esophageal adenocarcinomas. [5] [6] [7] When chemical carcinogens are combined with surgically induced gastroesophageal reflux of gastrointestinal contents, mixed adenosquamous carcinomas are generally produced. 8, 9 Goldstein et al 10 reported that rats with esophagoduodenal anastomosis develop EAC without adenosquamous or squamous cell carcinoma, and the frequency of carcinoma development increases by correction of postoperative anemia with parenteral iron therapy. Similarly, rats surgically treated with esophagogastroduodenal anastomosis (EGDA) to induce esophageal reflux of gastric acid and bile developed columnar-lined esophagus (CLE) and EAC in over half of the animals by 40 weeks after surgery. 11 The morphological and phenotypic features of the experimental CLE have not been well described. Furthermore, the resemblance of this model to human BE and EAC remains unclear. 12 Pathological characterization is crucial to the identification of animal models of human disease. 13 In this study, we describe the morphological features, mucin histochemistry, expression pattern of differentiation markers (CK7, CK20, Das-1, villin, and pS2/TFF1) and cancer-related gene products (p53, c-myc, and cyclooxygenase 2) in CLE and EAC in the EGDA rat model. We then compare the EGDA rat model with findings in human tissues. Our studies show that, in spite of a few differences, there are remarkable similarities of SIM and EAC between the EGDA rats and the human diseases. The EGDA rats may serve as a useful experimental model to study the pathogenesis and cellular origin of human BE. This model may also help in identifying the intermediate molecular markers and developing treatment strategies for human BE and EAC.
Materials and methods

Animal Models and Tissue Preparation
The EGDA rats were prepared as previously described. 11 Briefly, an anastomosis was made between the gastroesophageal junction and the duodenum on the antimesenteric border with accurate mucosal to mucosal opposition in 8-week-old male SpragueDawley rats. The animals were treated with iron (4 mg/kg/week, i.p.) without concomitant carcinogens. They were kept for 40 weeks after surgery and killed by CO 2 asphyxiation. The esophagus was removed, fixed in 10% buffered formalin, Swissrolled, and processed in paraffin. Tissue samples from 20 rats showing both esophagitis and CLE were used for this study. Of them, 14 had visible adenocarcinoma. In total, 10 nonoperated normal rats were used as controls. The Animal Care and Facilities Committee, Rutgers University (protocol #94-017), approved the protocol for the animal studies. For comparative studies in humans, coded (with all identifiers removed) archival paraffinembedded biopsies having SIM and EAC were obtained from the Department of Pathology at the Veterans Affairs Boston Healthcare System. The study protocol was approved by the Institutional Review Board of the VA Boston Healthcare System (protocol #1546). Nine tissues had only BE and five had only EAC. Six tissues had both BE and EAC.
Histopathology
Tissue sections were stained with hematoxylin and eosin (H&E) for histopathological analysis. Inflammation was graded as mild, moderate, and severe based on the degree of infiltration by the inflammatory cells, particularly neutrophils, eosinophils, macrophages, and plasma cells. The columnar epithelium was graded as normal, reactive or regenerative epithelium, low-grade dysplasia (LGD), and high-grade dysplasia (HGD).
14 Severe squamous hyperplasia was diagnosed when surface projections of subepithelial papillae caused irregular surface ridges. Inverted, papilloma-like lesions appeared as projections and infolding of the squamous epithelium, without neoplastic changes, into the submucosa and the muscle layer of the esophagus. If small clusters of dysplastic squamous epithelial cells penetrated through the basement membrane into lamina propria and adjacent tissues, the diagnosis of invasive squamous cell carcinoma was made. 15 However, no case of invasive squamous cell carcinoma was found.
SIM was diagnosed if intestinal columnar epithelium fulfilled features of specialized intestinal metaplasia and contained intestinal-type goblet cells above the anastomotic site marked by the blue prolene suture. Multilayered epithelium (MLE) was diagnosed when the esophageal epithelium showed layers of both squamous and columnar epithelium. 16 Dysplasia of the columnar mucosa was classified as LGD and HGD, according to the criteria suggested by Haggitt. 17 In LGD, the crypt architecture trends to be preserved and distortion is minimal; the nuclei may be stratified, but the stratification does not reach the apical surface of the glands; nuclei are enlarged, crowed, and hyperchromatic; mitotic figures may be present in the upper portion of the crypt; goblet and columnar cell mucus is usually diminished or absent, but goblet cells in which the mucous droplet does not communicate with the luminal surface may be observed. The abnormalities extend to the mucosal surface. In HGD, distortion of crypt architecture usually is present and may be marked. It is composed of branching and lateral budding of crypts, a villiform configuration of the mucosal surface or intraglandular bridging of epithelium to form a cribriform pattern of 'back-to-back' glands. Nuclear abnormalities are present as in LGD, and stratification reaches the crypt luminal surface. There may be a loss of nuclear polarity, and nuclei often vary markedly in size, shape, and staining characteristics. Goblet and columnar cell mucus is usually absent. The abnormalities extend to the mucosal surface. EAC was diagnosed when dysplastic columnar epithelial cells invaded through the epithelial basement membrane and into deeper tissue.
Histochemistry
Alcian blue/periodic acid Schiff (AB/PAS) and high iron diamine/Alcian blue (HID/AB) were used for mucin staining. Intestinal metaplasia was classified as complete (type I) or incomplete (type II or type III). All SIM had goblet cells that contained sialomucins and/or sulfomucins. However, in type I intestinal metaplasia, columnar cells had absorptive features but contained no acid mucin; in type II, columnar cells contained sialomucins (stained blue); and in type III intestinal metaplasia, the columnar cells contained sulfomucin (stained purple). 18 Silver staining (Reticulum Gomori's Silver Kit, Newcomer Supply, Middleton, WI, USA) was used to display the basement membrane of the esophageal epithelium.
Immunohistochemistry
The paraffin-embedded sections were deparaffinized, rehydrated, and pretreated by 0.1%. trypsin at 371C for 30 min or by heating slides for 5-10 min in 10 mM citrate buffer. The staining was performed with the ARKt Peroxidase kit (Dako, Capenteria, CA, USA) according to the manufacturer's instructions. The sources and working concentrations of primary antibodies are as follows: CK7 (4.1 mg/ml, Clone OV-TL 12/30, DAKO), CK20 (1.2 mg/ml, Clone Ks 20.8, DAKO), Das-1 (1:10, a gift kindly provided by Dr Kiron M Das, Department of Medicine, Molecular Genetics and Microbiology, University of Medicine and Dentistry of New Jersey), villin (1.3 mg/ml, Clone CWWB1, NeoMarkers, Fremont, CA, USA), pS2/TFF1 (5 mg/ml, Innogenex, San Ramon, CA, USA), p53 (0.4 mg/ml, Clone PAB 240, Chemicon, Temecula, CA, USA), c-myc (8 mg/ml, Clone C-8, NeoMarkers), and COX-2 (2.5 mg/ml, Transduction Lab, Los Angeles, CA, USA). For negative controls, normal serum or phosphatebuffered saline (PBS) replaced primary antibodies. Both positive and negative control slides were processed in parallel.
The staining intensity was subjectively graded into four degrees, from À, þ , þ þ , to þ þ þ according to the following criteria. À, no positive staining; þ , less than 2/3 cells with slight staining or less than 1/3 cells with slight to moderate staining; þ þ , more than 2/3 cells with slight staining or 1/3 to 2/3 cells with slight to moderate staining; þ þ þ , more than 2/3 cells with moderate or strong staining. Statistical analysis was conducted with Fisher's exact test for frequency data and Ridit analysis for ordinal data. 19 
Results
Normal Esophageal Mucosa
Normal esophageal epithelium in the rat is stratified squamous, consisting of a single layer of basal cells with round nuclei, four to six layers of prickle cells, and a thin stratum corneum on the surface. Distally the squamous epithelium is continuous with the squamous epithelium of the forestomach. The rat esophagus has no submucosal glands. This is in contrast to the normal human esophageal epithelium that has stratified squamous epithelium without keratinization and also has submucosal glands. Moreover, in humans, distally the squamous epithelium becomes continuous with the columnar gastric epithelium forming the squamocolumnar Z line. 1 
Columnar Metaplasia in the Esophagus
Columnar mucosa is not present in the normal esophagus. Replacement of the normal squamous epithelium with metaplastic columnar epithelium frequently occurred in the EGDA rats. The columnar metaplasia appeared either as a single type CLE or as MLE (columnar and squamous) ( Figure 1 ). These patterns are similar to those found in the human BE.
CLE and Specialized Intestinal Metaplasia
On H&E staining, the CLE in EGDA rats consist of a single layer of surface columnar epithelium and tubular mucosal glands. Columnar cells have features of both mucous secretory and absorptive cells with interspersed intestinal-type goblet cells. CLE is present in the distal esophagus near the anastomotic site and is bound by the squamous epithelium of the esophagus and fore-stomach, and the columnar epithelium of the anastomosed duodenum.
In order to define whether the columnar mucosa in the lower esophagus represented the anastomosed duodenal mucosa or metaplastic columnar epithelium of esophageal origin, we examined the neo-squamocolumnar junction and the anastomotic junctions for the continuity of the surface epithelia and the basement membrane. At the anastomotic site, the duodenal and the esophageal or the gastric squamous epithelia as well as their basement membranes were discontinuous. On the other hand, the mucosal junction of the esophageal squamous epithelium and the CLE were continuous without interruption of basement membrane ( Figure 2) . Moreover, the morphological features of the duodenal mucosa were quite distinct from those of the CLE. These observations are consistent with the view that the columnar mucosa lining the esophagus was metaplastic epithelium of esophageal origin. In some cases, CLE was covered by squamous epithelium as has been described in humans, and may be related to partial healing of BE. All of the 20 cases of CLE had intestinal metaplasia, including 17 cases of type III and three cases of type I. There were 14 cases of dysplasia, including 12 LGD and two HGD (Table 1) .
On mucin staining (PAS/AB and HID/AB), CLE in the EGDA rats shows that the goblet cells contained both sialomucin and sulfomucin, whereas the columnar cells stain for neutral mucin, sialomucin or sulfomucin. The staining intensity of sulfomucin is similar to that of sialomucin in 15 of 20 cases. The mucin stains clearly distinguished CLE from the rat duodenal mucosa, which showed sulfomucin in the goblet cells but not the columnar cells. 20 However, the mucin staining features of CLE in the rat (Figure 3a ) and human BE ( Figure 3b) were similar, resembling the type III intestinal metaplasia in most cases. In order to characterize further the phenotype of SIM in the EGDA rats, we examined for the presence of several other markers and compared the results with similar studies in human BE ( Table 2 ). The CK7/CK20 pattern of superficial CK20 staining in surface glands and diffuse CK7 staining in surface and deep glands has been attributed to be specific to BE. 21 This pattern was observed in three of 20 rat CLE (Figure 3c Other staining patterns, such as diffuse CK7/diffuse CK20 (one rat and one human), superficial CK7/ superficial CK20 (one rat and one human), and diffuse CK7/negative CK20 (one rat and two humans) were also observed. Four cases of rat SIM had diffuse expression of CK20 and some scattered CK7-positive cells. The remaining 10 cases of rat SIM did not express either CK7 or CK20.
Das-1, a polyclonal antibody, which recognizes normal human colon epithelium and BE in the gastrointestinal tract, 22 positively stained nine of 20 rat CLE and 14 of 15 human BE (Fisher's: Po0.05).
Figure 1 CLE and MLE in an EGDA rat. The figure is montage of a swiss-roll preparation of an EGDA rat esophagus that has been stained with AB/PAS. CLE is demarcated by dashed lines and appears as an area of extensive intestinal metaplasia at the distal end of the esophagus. Note that CLE is continuous with squamous epithelium of the forestomach (r). MLE is demarcated by dotted area in the midesophagus and appears as island of metaplastic epithelium. MLE containing a mixture of squamous and columnar epithelium can also be identified at the neo-squamocolumnar junction (a). Changes in the squamous epithelium including hyperplasia (D), papillary projections (m), inverted papilloma-like lesions (.), erosions (b), and sloughing (g) are frequently observed in the EGDA rats. Scale bar: 200 mm.
Animal model of Barrett's esophagus Y Su et al
The cytoplasmic immunostaining of Das-1 was weaker in the rat CLE (Figure 3g ) than in human BE (Figure 3h ). Villin, a cell differentiation marker for intestinal brush-border formation, 23, 24 was observed frequently in rat SIM than in human SIM without significant difference (Fischer's: P40.05).
The cytoplasmic immunostaining of villin was usually stronger in the rat (Figure 3i ) than in the human (Figure 3j ) tissues. The cytoplasmic staining of pS2/TFF1, a marker of ulcer-associated cell lineage, 25 was found in 17 of 20 rat CLE ( Figure  3k ) and 13 of 15 human BE (Figure 3l ) with similar frequency (Fisher's: P40.05) and immunoreactivity.
Multilayered epithelium
In three cases of EGDA rats, scattered mucinous cells appeared admixed with hyperplastic squamous epithelium (Figure 4a ). In three other cases, MLE was identified as islands of mucinous cells interspersed in squamous epithelium (Figure 4b) . The columnar and goblet cells may appear on the top, in the middle, or at the bottom of the squamous cell component of MLE. One case had mucinous cells located at the superficial squamous epithelium far removed from the anastomosis site (Figure 1) . Two cases had mucinous cells located in deep nests of hyperplastic squamous epithelium in the neosquamocolumnar junction. Multiple foci of MLE were found in one case and presented as three separate foci distributed in distinct nests of hyperplastic squamous epithelium. In our biopsies of human tissue, MLE was not found. This is not surprising because this material represented directed biopsies of the CLE. In humans, MLE is found only in random biopsies taken at the squamocolumnar junction. The morphologic feature of MLE in the rat model closely resemble those described in the human patients. 
Animal model of Barrett's esophagus Y Su et al
We also examined the phenotypic characters of the columnar cells of MLE in the rat model. Mucinous cells in the rat model contained both sulfomucin and sialomucin, but little to no neutral mucin (Figure 4c, d) . The foci of MLE were readily detected with AB/PAS staining. The mucinous cells of rat MLE in the deep nests and surface of hyperplastic squamous epithelium showed strong immunoreactivity of CK7, moderate to strong staining of villin, weak staining of Das-1 and pS2/TFF1, and negative staining of CK20 (Figure 4e-h ). These biochemical markers in the rat are similar to those described in humans. 16 
Esophageal Adenocarcinoma
All of the 14 cases of EAC in EGDA rats were localized to the esophagus just above the esophagogastroduodenal anastomosis. Two cancers were early cancers limited to the submucosa. In total, 12 cases were advanced EAC showing invasion of cancer cells into muscle, adventitia, and adjacent tissues (Figure 5a-c) . These cancers clearly arose from the SIM in the esophagus rather than from the duodenal mucosa (Figure 5d ). EACs in the rat model were highly differentiated mucinous carcinomas. In contrast, 11 cases of human EAC showed various degrees of differentiation (well-46%, moderately-27%, and poorly-27%) with glandular structures in 10 cases and mucinous morphology in only one case.
Similar to adjacent CLE, rat EAC had large quantities of sulfomucin and sialomucin, and lesser amounts of neutral mucin (Figure 5e ). CK7 (Figure  5f ), CK20, and Das-1 were less frequently expressed in rat EAC than in human EAC (Table 2 ). Rat EAC also expressed villin (Figure 5g ) and pS2/TFF1.
Accumulation of the tumor suppressor p53 protein was found in 29% (4/14) of EAC and 75% (15/ 20) of CLE in EGDA rats (Fisher's: Po0.05). The p53 protein was localized in the nuclei and cytoplasm, mainly in the deep glands of the neo-squamocolumnar junction (Figure 6a ). Cytoplasmic staining of oncogene c-myc was found in the CLE (5/20, 25%), but not EAC, of EGDA rats (Figure 6b ). The epithelial COX-2 immunoreactivity was seen more frequently in rat CLE than in human BE (Figure 6c ) ( Table 2) . Hyperplastic squamous epithelium, fibroblasts, and infiltrated inflammatory cells also showed weak to strong COX-2 immunoreactivity in both EGDA rats and human patients.
Changes in Esophageal Squamous Epithelium in the Rat Model
Esophageal squamous epithelium of EGDA rats exhibited various degrees of mucosal erosion, ulceration, and infiltration of acute inflammatory cells, both eosinophils and neutrophils. Basal cell hyperplasia was so severe that it often occupied the entire thickness of the mucosa. Projections of fibrovascular papillae with a thin core formed mucosal ridges. A prominent feature was inverted squamous papilloma-like lesions in which rete pegs extended down into the submucosa to the muscle (Figure 1 ). Inverted papilloma-like lesions have not previously been described in the esophagi of humans or experimental animals, but have been well described in the nasal mucosa and the urinary bladder. 27 Single or multiple inverted papillomalike lesions were found in seven out of 20 EGDA rats. Unlike squamous cell carcinoma, inverted Figure 3 Comparison of mucin staining and immunohistochemical features of rat CLE and human BE. (a, b) HID/AB staining show that goblet cells of CLE in EGDA rats (a) contain both sialomucin (blue) and sulfomucin (dark brown or black), whereas columnar cells stain for sulfomucin. This feature is similar to that seen in human BE (b). (c-f) show CK7/CK20 immunostaining in rat CLE and human disease. In the rat CLE, CK7 immunoreactivity is present in both the superficial crypts and the deep gland epithelium (c); CK20 immunoreactivity is present only in the superficial epithelium and crypts (e). This CK7/CK20 immunostaining pattern is similar to the BE-specific CK7/ CK20 pattern in human BE (d, f). (g, h) show Das-1 immunostaining which was seen in both the animal model and in human tissues. However, cytoplasmic staining of Das-1 is weaker in EGDA rats (g) than in human BE (h). As shown in (i, j) cytoplasmic staining of villin is also observed in the metaplastic epithelium in EGDA rats as well as in human BE tissues. However, villin staining is stronger in EGDA rats (i) than in human BE (j). A similar expression pattern of pS2/TFF1 was found in rat CLE (k) and human BE (l). In both cases, superficial and upper glandular epithelium shows strong immunostaining of pS2/TFF1. Scale bars: (a, b, g and h) 100 mm; (c-f, i, j) 150 mm; (k, l) 200 mm. 
Discussion
This study shows that rats with esophagogastroduodenal anastomosis (EGDA) develop: (1) SIM that has phenotypic features similar to those found in human Barrett's esophagus; (2) MLE that has recently been described in human disease; and (3) EAC. This study suggests that EGDA rats may serve as a suitable model for investigations of pathophysiology, molecular biology of progression to cancer, and prevention and treatment trials of human Barrett's esophagus.
The esophageal mucosal changes in EGDA rats are likely to be secondary to the reflux of gastroduodenal contents into the esophagus. Although, we did not perform quantitative measurement of gastric acid duodenal contents or bile in the esophagus of these animals, presence of free bile reflux in the EGDA rats was evident by bile staining of the esophageal mucosa. Bile staining of esophageal mucosa was not seen in normal control. In a related animal model, increased bile acids have been described in the esophageal aspirate of rats after esophagojejunostomy. 6, 28 Other investigators have described that duodenal or gastroduodenal contents, particularly deoxycholic acid may lead to esophageal adenocarcinoma 7 by activating NF-Kappa-B and inducing IL-8 expression. 29, 30 Role of gastric acid in pathogenesis of esophageal adenocarcinoma is unclear. 31, 32 The morphology and mucin histochemistry of the columnar metaplasia in the rat model are identical to those that characterize the specialized intestinal metaplasia in human Barrett's esophagus, including mucous-containing columnar cells that have both secretory and absorptive features and intestinal type of goblet cells that contain sulfomucins. These features are also similar to what has been described as type III intestinal metaplasia. The SIM in the rat model also expresses phenotypic markers that are seen in SIM in human Barrett's esophagus, including the expression of differentiation markers (Figure 2 ). The existence of BE-specific CK pattern, colon-specific antigen (Das-1), villin and a marker of ulcer associated cell lineage (pS2/TFF1) 33 in the metaplastic epithelium in the rat is similar to that seen in humans suggesting that SIM in rats and humans may have similar cellular origin. However, differentiation markers such as CK7/CK20 and Das-1 were less often expressed in the rat than in the human tissues. The reason for this difference is not clear. This may be due to lower affinity of rat tissues than human tissues to these antibodies that were raised against human antigens. Further studies are needed to resolve this important point.
MLE, consisting of multiple layers of squamous and columnar cells, was described by Shields and colleagues, who reported it in 41% of mucosal biopsies from the squamocolumnar junction in patients with BE. All the samples contained goblet cells. 26 We found 4/20 cases of MLE at the neosquamocolumnar junction in the EGDA rats. One of the most interesting findings of this study was the discovery of MLE in the mid-esophagus of two EGDA rats after careful search in Swiss-roll preparations of the esophagus. The low frequency of MLE in the mid-esophagus may be due to the relatively mild reflux injury to the mucosa compared to the distal esophagus. Furthermore, MLE in the mid-esophagus may go undetected unless serial tissue sections are stained with AB/PAS and examined carefully. It is likely that MLE has not yet been described in the mid-esophagus of human for the same reasons. We speculate that careful examination of tissues from BE patients suffering from severe gastroesophageal reflux may reveal isolated islands of MLE and scattered mucinous cells high up in the esophagus, away from the gastroesophageal junction.
MLE in humans expresses cytokeratin markers of both squamous (CK4 and CK13) and columnar epithelium (CK7 and CK20), suggesting that it may be a transitional stage between squamous epithelium and BE. 16, 34 It exhibits a certain frequency of mucin expression (neutral mucin, sulfomucin and sialomucin in 88, 71 and 100%, respectively) and expresses differentiation markers such as villin and pS2/TFF1. In our study, MLE in the rat model was found to share features with human MLE, except lesser neutral mucins and no CK20 were expressed in the rat model. Overall, this study suggests that MLE in the EGDA rat, as in humans, may be an intermediate stage between esophageal squamous In human patients with BE, SIM and MLE have been proposed to arise from progenitor cells in esophageal submucosal glandular ducts or the transitional cell zone at the gastroesophageal junction. 16, 35 The rat, however, does not have submucosal glands in the esophagus nor does it have the transitional cell zone between esophageal squamous epithelium and gastric columnar epithelium that are seen in humans. (In the rat the fore-stomach is lined by squamous epithelium.) Instead, EGDA rats have a neo-squamocolumnar junction between esophageal/ gastric squamous epithelium and duodenal columnar epithelium. It was previously suggested that CLE in the rat model was derived from the creeping substitution of esophageal mucosa by the duodenal mucosa. 11 However, the histological features and mucin histochemistry in SIM was quite different from the duodenal mucosa. Moreover, the phenotypic markers of differentiation in the SIM or MLE at the neosquamocolumnar junction and in the mid-esophagus do not support the view that the CLE in the animal model represents creeping substitution of the duodenal mucosa. Instead, our studies suggest that SIM in the animal model may arise from pluripotential stem cells in the esophageal squamous epithelium. 7 Studies of gene expression profiles using gene chips may further define the cellular origin of the specialized intestinal metaplasia.
The EGDA rats showed severe changes in the squamous epithelium consisting of hyperplasia with ridge-like surface projections and inverted papilloma-like lesions. These lesions did not show features of neoplasia. Such lesions have been described in human nasal mucosa but not in the human esophagus. The reason for this severe squamous epithelial reaction in the EGDA rats but not in human SIM is not clear. However, it may be related to the more acute and severe reflux injury in the animal model than in clinical conditions in humans.
The EGDA rats also showed changes of dysplasia in the metaplastic epithelium and developed adenocarcinomas, as seen in the human disease. Similar to humans, all EACs in the rat were in the distal esophagus. The mucin features, differentiation markers such as CK7, Das-1, villin and pS2/TFF1, and tumor markers such as p53 and c-myc in the cells of EAC were similar to those in the adjacent SIM. These findings strongly suggest that EAC in EGDA rats arises from the SIM in the esophagus and is not an unrelated adenocarcinoma arising from the small bowel, as has been suggested by some investigators. 12 As described earlier, all the EACs in the rat model were well-differentiated mucinous adenocarcinomas. 5, [10] [11] [12] In patients with BE variably differentiated adenocarcinomas are seen. In our study, only one of 11 human EACs was of the mucinous type. The reason for these differences in the histological types of adenocarcinomas in the rat and human is not currently known. However, this difference may be due to differences in the expression of certain differentiation genes. 33 The animal models of esophagoduodenal and esophagogastroduodenal reflux have been used to understand the pathogenesis of SIM and EAC. It has been reported that oxidative stress augmented by iron overload is an important risk factors for the development of EAC in the EGDA rats. 36, 37 Moreover, abnormalities in arachidonic acid have been reported to be important in the pathogenesis of SIM and EAC. 38 A recent study has also demonstrated the efficacy of COX-2 inhibitors in the prevention of EAC in rats with esophagoduodejejunostomy. 39 The present study, showing phenotypic similarities between the lesions in the EGDA rats and in patients with BE, suggests that conclusions drawn from the animal studies may be relevant to clinical BE.
Similar to humans, SIM in the EGDA rats was accompanied by LGD and HGD with a high prevalence of nuclear accumulation of p53 protein (15/20, 75%). Fein et al 40 reported that jejunoesophagostomy in p53-knockout mice promoted the development of columnar metaplasia and EAC in Animal model of Barrett's esophagus Y Su et al mice. 40 It suggests that p53 protein accumulation is an important early event in the pathogenesis of rat EAC, as in humans.
In conclusion, SIM and EAC developed in the EGDA rats are remarkably similar to human BE and EAC. The EGDA rat model may serve as a useful experimental system for studying the pathogenesis of BE and the progression of BE to EAC. It has been shown that concurrent treatment with certain chemical carcinogens promotes development of squamous cell carcinoma or adenosquamous carcinoma in the animal model of gastroduodenal reflux. 8, 9 Further studies in this model may help in understanding the molecular pathways that selectively lead to one or the other type of esophageal carcinoma. The animal model may also be helpful in tracing changes in signaling pathways involved in the pathogenesis of esophageal adenocarcinomas and in identifying intermediate markers that may predict progression of SIM to EAC. In addition, the EGDA rat model can be instrumental for investigating strategies for the prevention and treatment of human Barrett's esophagus and EAC. 37 
